This paper discusses a novel theory of senescence: the community of pathogens within each host individual evolves during the life-time of the host, and in doing so progressively reduces host vigour. I marshal evidence that asymptomatic host individuals maintain persistent populations of viral pathogens; that these pathogens replicate; that they are often extremely variable; that selection within hosts causes the evolution of pathogens better able to exploit the host; that selection is host-specific; and that such evolving infections cause appreciable and progressive deterioration. Experimental approaches to testing the theory are discussed.
The senescence of clones
The inescapable aging of multicellular organisms might arise in either of two fundamentally different ways. First, the internal capacity to resist and repair damage might be less in older individuals. Because the force of selection declines with age, germ-line mutations which impair function late in life will accumulate more rapidly than those with comparable effects early in life, and mutations which increase vigour early in life may spread even if they have severely deleterious effects later in life. This is the conventional evolutionary explanation of aging, which has received thorough theoretical exploration and substantial experimental support, and which is reviewed at length by other authors in this issue. The second possibility is that the external environment may systematically deteriorate during the lifetime of every individual, so that individuals will senesce even if they are able to maintain a constant level of defence. This paper is concerned exclusively with this possibility, which does not seem to have been investigated previously.
It is obviously out of the question that the physical environment should continually deteriorate during each individual's lifetime, since if this were true the earth would no longer be capable of supporting life. This is not necessarily true of the biotic environment. Antagonists such as pathogens and their hosts are involved in a continuous process of coevolution, in which the evolution of resistance by the host population is eventually overcome by the evolution of new infective abilities by the pathogen populations, which in turn creates selection for new sources of host resistance, and so on, endlessly. On different time-scales, viruses and bacteria, fungi and helminths will all play this continual game of tag with their hosts. Each new advance made by the pathogen population is conditional: it impairs the vigour of some host genotypes, but not of all, and the host population persists because of the increased proliferation of host genotypes which are not susceptible to the novel pathogen adaptation. Consequently, it is conceivable that the average individual host, at any time, may perceive the environment as continually deteriorating, because of genetic changes in pathogen populations which increase its susceptibility to disease, while the host population is nevertheless able to maintain itself through geological time.
To clarify this idea, consider a thought experiment which contrasts the fate of individuals with the fate of clones each consisting of many genetically identical individuals. Suppose that we constructed many replicate clones, all of the same genotype, and measured the life table of these replicates, each of which might comprise many individuals, in the same way that we might measure the life table of individuals within any of these clones. If we did measure the life table of individuals belonging to a given clone, we would almost certainly find that the rate of survival (or, in principle, some other component of fitness) decreased with age, indicating that individuals senesce. There is, however, no obvious reason to suspect that this would apply to replicate clones able to propagate themselves through time. It is conceivable that reproduction earlier in time is more important than later reproduction, perhaps because an early-reproducing clone would occupy available space or opportunities more quickly. But it is difficult to see how the reproductive activity of the founders of the clone could systematically reduce the vigour of their descendants, a quite separate set of individuals, many generations later. It seems reasonable to conclude that clones will not senesce, even though each individual member of the clone does. On this basis, we should expect to find that each clone has a fixed probability of becoming extinct in any interval of time, so that the number of surviving clones decreases exponentially through time. Clones with different genotypes might have different rates of extinction, of course; the important point is that for any given genotype this rate would be a constant that did not increase through time. This conclusion will fail if one of two additional processes is operating: if either the genotype itself, or the environment in which it is expressed, tends continually to deteriorate through time.
A clone descending from a single founder will not remain genetically uniform, even if its reproduction is strictly mitotic. Mutation will drive an increase in genetic diversity, until the input of new genetic diversity through mutation is just balanced by the erosion of diversity by selection, at which point the clonally propagated population is in equilibrium, and will maintain the same level of diversity from generation to generation. This argument is not quite true for finite populations, in which the occasional stochastic loss of the class of individuals with the fewest mutations will drive an irreversible increase in the mean number of mutations per individual. Because most mutations are somewhat deleterious, the vigour of a finite clone will tend to decrease through time (Muller, 1964; Haigh, 1978) . The process can actually be observed in very small clones of asexual protists (Bell, 1988) . This paper is not concerned with genetic deterioration of this sort.
A set of replicate clones growing in a natural environment represents a large stationary target for resident populations of parasites and pathogens, which will adapt so as to be able to exploit it more effectively. I assume for simplicity that each clone is completely uniform, removing this restriction later. At first, each clone will survive well, because there has not yet been sufficient time for local pathogens to evolve efficient methods of infection. As time goes on, selection will favour pathogen variants able to exploit this new resource effectively, and as the frequency of such variants increases the survival rate of all the replicate clones will fall. Evolution of the local pathogen community will therefore cause a decrease in clonal survival through time; the set of clones will senesce.
It is not known whether such a process of clonal aging occurs in natural populations. There are three possible sources of information. The first is the life table of clones, for organisms in which reproduction produces distinct individuals rather than physically connected ramets or zooids. Claims for the extreme longevity of some clones in plants which reproduce vegetatively, such as creosote bush (Vasek, 1980) and bracken (Olinonen, 1967) , are commonplace, but beside the point: large organisms are usually long-lived, but the crucial information on the rate of mortality in relation to age is lacking. Secondly, deliberate experiments in which the survival rate of a clone which is continually replanted into a natural community is compared with that of the same clone maintained in the greenhouse would provide important information (Bell, 1992) , but so far as I know none have ever been reported. Finally, accidental experiments are done every time agronomists develop a new clone or inbred line of crop plant and release it for largescale cultivation. The result is very often a dramatic process of senescence in which the failure of the new variety is quickly brought about by the evolution of local pathogen populations (Barrett, 1981; Wolfe, 1985) .
The theory of within-host selection
The relevance of clonal senescence to individual senescence is that multicellular individuals are mitotic clones of cells. The cells may vary dramatically in phenotype, but all are genetically identical, or nearly so. When a pathogen infects a host individual, it may proliferate so successfully that the host is killed quickly by the disease it causes. More often, the growth of the pathogen population is suppressed by host defences, and disease symptoms cease, or never appear. The absence of symptoms is normally taken to imply elimination of the pathogen. Suppose, however, that a small population of the pathogen, made up of somewhat more resistant forms, persists in host tissues. This population continues to reproduce, but is prevented from increasing in numbers, and thereby causing overt symptoms, by host defences. As time goes on, however, variants which are able to replicate somewhat more successfully will be selected in the pathogen population resident in the host. These variants are those pathogen genotypes which happen to be best able to exploit the genotype of the particular host in which they are evolving, and may differ from individual to individual. However, although the pathogen population within the host can evolve adaptation to the host genotype, the host itself cannot evolve, being an individual and not a population. As the pathogen population continues to evolve more effective ways of circumventing host defences, the rate of replication and the abundance of the pathogen will tend to increase, causing a progressive increase in the level of damage sustained by the host, which is macroscopically apparent as a senescent decline in survival or fecundity. Eventually, the host dies, either because the pathogen finally eludes host defences entirely and breaks out to cause acute disease, or because the indirect effects of increased levels of damage caused by evolving pathogens result in the host starving to death or being eaten by a predator.
There is one major complication in this otherwise simple theory that should be addressed before proceeding. Hosts which possess an immune system can evolve, in a sense, to a changing population of pathogens, by producing lymphocytes with altered specificities. The way in which they do this is strikingly similar to the way in which sexual lineages can maintain resistance to external popula-23 tions of pathogens -the creation of variation by genetic recombination, followed by the increase in frequency under selection of variants which happen by chance to be resistant. Nevertheless, the range of pathogen genotypes to which a given host genotype can respond effectively is limited, and selection among pathogens can eventually cause the emergence of types able to evade immune surveillance. Immune systems are likely to retard but not to prevent the evolution of increasingly virulent resident populations of pathogens.
The theory that senescence is generally caused by the within-host selection of persistent pathogens requires that at least seven conditions be fulfilled before it can be taken seriously as a rival to the antagonistic-pleiotropy or mutation-accumulation theories.
(1) It must be demonstrable that all individuals maintain persistent populations of pathogens; ideally, most hosts should be infected with any given common pathogen. (2) The pathogen must be capable of horizontal as well as (or rather than) vertical transmission. Parasites which are exclusively vertically transmitted, through the germ line, will be selected for benignity, and will evolve into mutualists such as plastids. Moreover, the pathogen should be horizontally transmitted among cells within the body, rather than being transmitted only by the reproduction of infected cells. This is not an absolute requirement, but greatly enlarges the possibilities of continuing evolution. (3) The pathogen must replicate, otherwise selection cannot long continue. (4) The pathogen must be variable, to sustain continued selection. (5) It must be shown that selection actually occurs, and that it results in populations which are better adapted to exploit the host. (6) Selection must be host-specific, since otherwise selection in one host would produce adaptation to many other hosts, and most infections would be well-adapted without the necessity for within-host evolution. Host-specific selection will lead to genetic differences among the pathogen populations in different hosts, even if these hosts were initially infected from the same source. (7) Persistent infections must cause appreciable and progressive deterioration.
This onerous list of conditions excludes most pathogens immediately as candidates for producing senescent deterioration. Most metazoan parasites do not replicate within the host. The endogenous bacterial and fungal populations of large perennial plants, and the gut community of animals, are more relevant, but the most promising candidates are mycoplasmas, viruses and retroviruses. I shall now summarize the evidence that viruses and retroviruses, at least, satisfy all of the conditions outlined above. This is in no sense a review of all the relevant literature, which would be virtually a review of the literature of disease. All that I have done is to collate some recent papers, from which the earlier literature can be obtained.
The evolution of viruses within hosts
l, Truses can persist in cell cultures for long periods of time. Human parainfluenza virus persisted through 147 passages over 29 months in culture (Murphy, Dimock & Kang, 1990) . Polio virus maintained high titres in neuroblastoma cell lines for nine months (Colbere-Garapin et al., 1989) . Reovirns readily becomes persistent in epithelial cell lines, causing morphological and physiological changes in the process (Montgomery et aL, 1991) . Bovine coronavirus continued to replicate in cell culture over a 120-day period of observation (Hofmann, Sethna & Brian, 1990) . (1990) found that 18/20 saliva samples from asymptomatic adults contained herpes virus 6; the occasional cell from peripheral blood samples was also infected. A search using polymerase chain reaction of 23 individuals not known to have recently had chicken pox or shingles found that herpes virus was present in nervous tissue from a majority of them (Mahalingam et aL, 1990) . A survey of over 1000 asymptomatic adults showed that nearly all carried persistent populations of Epstein-Barr virus (Imai, 1990 ; see also Niedobiteck et aL, 1991) . Maedi and visna viruses often become persistent in sheep (Staskus et al., 1991) . Woodchuck often carry persistent infections of a hepatitis virus, and persistent infections can be established by experimental inoculation of intact virus (Miller et al., 1990) . Avian leukosis virus is a transformation-defective variant of Rous sarcoma virus which becomes persistent in ducks despite the continued expression of neutralizing antibodies (Nehyba et al., 1990) . Strawberry cultivars thought to be free of virus turned out to carry persistent populations of pallidosis virus (Yoshikawa & Converse, 1990) . Prokaryotes can also establish persistent infections with no clinical symptoms. Most mycoplasma infections appear to be symptomless, and may be almost universal. Faden and Dryja (1989) isolated an unusual slow-growing bacterium that would not be detected by conventional tests from human middle-ear fluid. Sunaina, Kishore and Shekhauat (1989) found that healthy potato tubers bore latent populations of Pseudomonas, perhaps maintained as symptomless infections of wild plants.
Healthy asymptomatic adults are often cryptically infected by many viruses and other pathogens. Jarret et aL
Persistent viruses can replicate. Niedobitek et al. (1991) showed that the persistence of Epstein-Barr virus requires continued viral replication, rather than the maturation of previously infected cells. Righthand (1991) showed that persistent non-lytic variants of echovirus 6 replicate. Lemon et al. (1991) measured the rate of replication of hepatitis A virus in cultured cells.
Persistent infections can cause continued and progressive deterioration.
Persistent infection of the central nervous system by measles virus causes chronic and usually fatal disease (Carrigan & Knox, 1990 ). Theiler's virus, persistent in the central nervous system of mice, causes a gradual and progressive demyelination (Tangy et al., 1991; Lipton et al., 1991) . Persistent viruses of the nervous system have been reviewed by Kristensson and Norrby (1986) . Avian leukosis virus and the various hepatitis viruses cause liver necrosis and neoplastic diseases (Nehyba et al., 1990) . Continued damage is normally caused only by replicating virus; the amount of damage is proportional to the rate of replication, and persistent viruses, usually with low rates of replication, cause a low level of damage that cumulates through time. Persistent infections by hepatitis B virus are likely to lead to liver disease if the virus is replicating (Fattovich et aL, 1990) . Coxsackie virus B3 persists in myocardium; the development of myocardial lesions is correlated with the rate of virus replication (Klingel et al., 1992) . Some endogenous retroviruses of mice are initially benign, as expected, but recombinant virus appearing during the lifetime of the host causes thymic lymphoma (Stoye & Coffin, 1985) .
Persistent, rather than acute, infection can be caused by simple changes in intact viral genomes. Persistent populations of Theiler's virus in mice are characterized by mutational change in a capsid protein (McAllister et al., 1990; Tangy et aL, 1991) ; a single nucleotide change causing a single amino-acid substitution may direct a shift from acute to persistent infection (Zurbriggen et aL, 1991) . Similarly, a single amino-acid substitution in the glycoprotein encoded by choriomeningitis virus shifts its behaviour from acute infection followed by clearance to long-term persistence with immune suppression (Matloubian et al., 1990; Salvato et al., 1991) . Persistent hepatitis B virus differed from the form present in the initial acute infection by two mutations, one of which prevented antigen expression (Raimondo et al., 1990a) .
The altered viruses of persistent infections escape immune surveillance through reduced transcription or reduced replication. Lytic gene expression is reduced or abolished early in the establishment of persistent infections by herpes simplex virus (Kosz-Vnechak, Coen & Knipe, 1990) . The persistent forms of pseudorabies virus in swine have lower levels of transcription than those present in acute infections (Lokensgard, Thawley & Molitor, 1990) . Persistent strains of Theiler's virus are less abundant and have lower rates of replication than virulent strains (Lipton et al., 1991) . Variant forms of hepatitis A virus which appear during persistent infections and which have altered antigenicity, including neutralization resistance to antibody, have lower rates of replication than forms with normal antigenic characteristics (Lemon et al., 1991) . A causal relationship between persistence and reduced replication was established by J. S. , who showed that a mutant of duck hepatitis B virus with a reduced rate of replication established a persistent infection when inoculated experimentally.
Persistence often follows an acute infection.
Hepatitis B virus persists in the liver after serological recovery from an acute infection, and is capable of subsequent reactivation (Ling, Blum & Wands, 1990; see Raimondo et al., 1990b) . Mouse hepatitis virus persists in the spinal cord following acute infection, and may subsequently be amplified and spread to cause clinical disease (Perlman et al., 1990) . The infection of cultured cells by Theiler's virus kills most of the cells; the virus population in the surviving cells becomes persistent after repeated passage (Patrick et aL, 1990) .
Virus populations of persistent infections are genetically variable. This has been repeatedly observed since the development of techniques for sequencing nucleic acids; recent examples include parainfluenza virus 3 (Murphy, Dimock & Kang, 1991) , hepatitis B virus (Groetzinger & Will, 1992) , equine infectious anaemia virus (Salinovich et al., 1986; Alexandersen & Carpenter, 1991) , visna virus of sheep (Clements et aL, 1980) and caprine arthritis encephalitis virus (Ellis et aL, 1987) . RNA viruses as a whole are so variable, in large part because the infidelity of RNA polymerases yields a high mutation rate, that their populations should not be thought of as comprising a basic type around which some variation occurs, but rather as a mixture of indefinite and constantly changing composition (Domingo et al., 1985) . The literature on retroviral diversity, which may likewise be generated by imprecise replication, has been reviewed by Katz and Skalka (1990) .
Viral genomes of persistent infections vary in their ability to attack different cell types.
Murine lymphocytic choriomeningitis virus has two sites of infection: the central nervous sytem, where populations similar to the initial infection cause acute disease, and lymphoid tissue, where altered viruses cause a persistent infection. This difference is associated with a single amino-acid substitution in the viral glycoprotein (Ahmed et aL, 1991) . Macrophage isolates of this virus tended to grow well in cultured macrophages but poorly in lymphocytes, and vice versa (King et al., 1990) , so the occurrence of tissue-specific selection can be modelled in culture. A single passage through the host causes the appearance of tissue-specific variants of bovine herpes virus 1 (Whetstone et aL, 1989) . The divergence of viral populations in different tissues provides evidence for the occurrence of adaptive evolution within the host.
Some variants in heterogeneous viral populations can escape host defences and are cytopathic. Some variants of measles virus in persistent infections are resistant to interferon (Carrigan & Knox, 1990) . Variants of hepatitis A virus isolated from persistently-infected monkey cells were cytophatic (Lemon et al., 1991) . The appearance of variants which evade immune surveillance has been reported for visna view of sheep (Stanley et al., 1988) and for equine infectious anaemia virus (Salinovich et al., 1986) .
Selection can cause rapid and substantial change in the genetic composition of viral populations within cell cultures or hosts.
Genetic changes can be detected in bovine herpes virus 1 after a single passage through the host (Whetstone et aL, 1989) . Such changes cumulate through time. Diez et al. (1990) report the structure of part of the genome of foot-and-mouth disease virus after 100 passages in cell culture. Only 5] 15 mutations were silent. There were nine amino-acid substitutions in the capsid protein, including some at sites which in other picornaviruses are highly conserved; thus, even highly-conserved sites can evolve when viral populations are exposed to selection in a novel environment. The evidence for selection in retroviral populations has been reviewed by Katz and Skalka (1990) .
Selection may favour variants with reduced virulence and cytotoxicity in cell culture. This is often associated with the appearance of incomplete viral genomes in the form of so-called defective interfering particles, for example in human parainfluenza virus (Moscona, 1991) , Murray Valley encephalitis virus (Poidinger, Coelen & MacKenzie, 1991) , and tomato bushy stunt virus (Knorr et al., 1991) . Since these are parasites of intact viruses, their effect on the host is difficult to predict. However, in many cases selection alters the population of intact virus. Rubella virus maintained with antibody in cell culture evolved reduced replication and cytotoxicity; these changes took place in intact virus, though defective interfering RNAs also appeared (Abernathy, Wang & Frey, 1990) . The passage of lymphocytic choriomeningitis virus through cultured mouse cells results in the evolution of non-pathogenic populations with altered genomes (Bruns et al., 1990) . Pelletier et al. (1991) selected persistent mutants of polio virus in cultured cells, obtaining forms that could persist in non-neural tissue and had altered cell specificity. Measles virus populations may contain two forms resistant to interferon, one of which replicates normally and destroys cells, while the other has reduced replication and cytopathogenicity. The passage of populations containing both forms through nervous tissue of hamsters selects strongly for the less damaging form, causing chronic persistence of the virus. The outcome of such processes depends on the balance between vertical transmission (through the reproduction of infected cells) and horizontal transmission (through the movement of virus from infected to uninfected cells). Reducing the importance of horizontal transmission, for example by the presence of soluble antibody, will shift the balance towards vertical transmission and favour the evolution of benignity. The study of hepatitis A virus by Lemon et al. (1991) is a particularly clear description of the mechanism involved: altered forms with reduced antigenicity have greater rates of replication during persistent infection, while normal forms have greater rates during serial passage.
Selection also occurs in the living host. Groetzinger and Will (1992) comment that: 'There is increasing evidence for selection of hepatitis B virus mutants during the natural course of infection, after immunization, and during immune therapy. These mutants can prolong viral persistence, escape immune-mediated elimination, and influence the clinical sequelae of infection.' The appearance of genetically distinct persistent forms in living hosts is, of course, strong evidence for selection.
The outcome of selection may depend on host genotype and on cell type. The ability of herpes virus to establish persistent populations in mammalian hosts varies with the species and strain of the host (Gordon et al., 1990) . Borneo disease virus causes encephalitis in most strains of rat, but in one strain no clinical disease is apparent, despite persistent replication of the virus in the central nervous system of the host (Herzog, Frese & Rott, 1991) . The mutagenesis of mouse fibroblasts readily produced cell lines resistant to mouse hepatitis virus, through reduced susceptibility to membrane fusion encoded by a viral glycoprotein (Daya et al., 1990) . It is probable, therefore, that the final genetic composition of viral populations, after selection, will vary among host individuals, each host presenting a different genetic environment for viral evolution. Kato et al. (1992) found extensive variation among hepatitis C virus isolated from different patients with respect to envelope protein genes.
These results suggest that a wide range of viruses, and perhaps other pathogens, develop highly variable populations within their hosts, and in consequence undergo selection for persistent types which through continued evolution produce cumulative and eventually substantial damage. The most detailed and extensive studies of variation and within-host selection, however, have concerned the human immunodeficiency virus HIV and its relatives, slow viruses which may persist asymptomatically for many years after an initial acute phase.
The special case of immunodeficiency viruses
Populations of HIV within single host individuals are extremely heterogeneous. (Hahn et al., 1986; Saag et aL, 1988) . There is extensive sequence variation in the env gene, which encodes envelope glycoproteins (see Howell et aI., 1991) , with frequent amino-acid substitutions at sites critical in antibody and T-cell recognition Callahan et aL, 1990) . Hypervariable sites in env of HIV-1 correspond to open regions of RNA secondary structure with little intramolecular basepairing, which are mostly extracellular portions of the molecule (Le et al., 1989) . The substitution of a single amino-acid in such regions can reduce antibody binding specificity (Looney et al., 1989; McKeating et al., 1989) . Sites which direct antagonistic interactions with the host are thus particularly variable and liable to change readily under selection (see Simmonds et al., 1990; Balfe et al., 1990) .
High levels of variation have also been reported for nef (Delassus, Chenier & Wain-Hobson, 1991) and rev (Martins et al., 1991) in cell culture, and for env of the related simian immunodeficiency virus (Burns & Desrosiers, 1991) . The very general operation of selection in viral populations itself casts into doubt the relevance of culture studies, in which populations are exposed to a novel environment. However, the extreme heterogeneity of HIV has been confirmed in vivo. Y. characterized ten genomes obtained directly from uncul-27 tured brain tissue of an AIDS patient and found four full-length genomes with one or two LTRs, three defective genomes with internal deletions, two rearranged genomes with inverted LTRs, and an inverted proviral half flanked by host sequences. Transfection of the four full-length genomes showed that one was fully able to replicate and was comparable with cultured virus. Thus, HIV populations within the host include both fully replicating forms, which themselves show sequence variation, and complex mixtures of other viral entities.
HIV populations in different tissues are genetically different. The frequency of different variant sequence differs among brain, spleen, lymph and blood isolates (Epstein et al., 1991; Haggerty & Stevenson, 1991) , which differ from the populations found in cultured cells (Pang et al., 1991) . Terwilliger et al. (1991) found that alMic variation in nefdifferentially affected the ability of HIV-1 to replicate in different cell lines.
Selection occurs in HIV populations during serial passage in cell culture. Types which are initially rare may increase greatly in frequency (Zweig et al., 1990; Vartanian et al., 1991) . Specific variants resistant to drugs are readily selected (Gao et al., 1992) . More importantly, passage in the presence of soluble antibody causes the evolution of resistant populations (Robert-Guroff et al., 1986; Masuda et aL, 1990; McKeating et al., 1991; Ashkenazi et al., 1991; Rey et aL, 1991) , and may occur even in highly conserved regions of the viral genome. Hoxie et al. ( 1991) found that the passage of attenuated HIV-1 with low binding affinity for CDA cells eventually resulted in the appearance of cytopathic variants whose binding affinities were comparable with those of normal cytopathic HIV-2 isolates. It is likely that there are several different routes by which resistance can be acquired, since it may or may not be associated with decreased binding affinity to soluble antibody (compare McKeating et al., 1991 , with Ashkenazi et al., 1991 . L' Age-Stehr et al. (1990) observed the evolution of a shorter latent period and increased virulence towards T-cells when HIV was maintained in cell culture.
Damage caused to the host is related to levels of viral replication. Rapidly-replicating isolates which induce syncitium formation characterize in-dividuals who progress rapidly to AIDS and tend to die soon; individuals who remain asymptomatic or survive longer yield more slowly-replicating isolates (Tersmette et al., 1990) . The replication rate of HIV is correlated with the rate of loss of CDA+ lymphocytes .
Sequence variation among tissues seems to be caused by tissue-specific selection. Peden, Emerman and Montagnier (1991) cultured isolates from three individuals on six different cell lines and found that replicative ability and tropism changed after repeated passage, causing divergence from a single ancestral sequence. The variety of tissues that can be infected by HIV increases during the lifetime of the host (Cheng-Mayer et al., 1988) .
Different loci can evolve independently as the result of recombination. Masuda and Harada (1990) obtained recombinant virus after co-culturing two distinct strains of HIV, and recombination seems to be a major source of heterogeneity of HIV populations within single hosts (Vartanian et al., 1991; Delassus, Chenier & Wain-Hobson, 1991; Howell et al., 1991) . The three loci scored over four years from the same patient by Martins et al. (1991) all behaved differently.
Longitudinal studies provide convincing evidence for selection and evolution within single host individuals. Phillips et al. (1991) found that fluctuations in the specificity of cytotoxic T-cells for virus were matched by variability in proviral gag DNA epitope sequences. Some of these variants were not recognised by T-cells, and the accumulation of such variants would provide a basis for immune escape. Wolfs et al. (1991) studied env sequences from two individuals over five years. At the time of antibody seroconversion, genomic RNA levels peaked and the virus population was highly homogeneous. During the course of infection, heterogeneity increased and the consensus sequence shifted. A single amino-acid substitution was fixed in both patients; this substitution affected antibody binding specificity. After a subsequent increase of genomic RNA and progression to AIDS in one patient, a new variant with major changes in the principal neutralization domain of the viral genome emerged, again forming a homogeneous population.
Host-specific selection leads to variation among host individuals. The most detailed studies concern the env gene, and especially the hypervariable V3 domain of the envelope glycoprotein gp120 which it encodes. Extensive variation among individuals has been documented by Simmonds et al. (1990) and Epstein et al. (1991) . The virus populations of six children infected from a single source diverged rapidly from the initial inoculum in different directions (Wolfs et al., 1990) .
Within-host selection in relation to other theories
The material that I have reviewed above shows that all the preconditions required by the hypothesis of within-host selection are met, at least in some instances. Whether or not they are generally true must await the accumulation of evidence. However, the availability of methods for amplifying viral genomes present at very low abundance in host tissues will make it possible to decide very soon whether the single most important and most surprising observation which the theory requires, the universality of persistent viral infection, is really the case.
Should all the conditions be shown to hold generally, it will still remain to be shown that they operate so as to produce senescence. An obvious experimental approach is to rear rigorously pathogen-free stocks by isolating sterile eggs and raising them in enclosed or filtered environments. The suggestion that senescence is caused by the diseases associated with internal populations of microbes was first made by Metchnikoff in the early 1900s. He emphasized the deleterious nature of toxins produced by the bacterial population of the large bowel, but also described the pathological behaviour of lymphocytes (whose phagocytic properties he discovered) and thus autoimmune diseases. His theory was quite different from that being advanced here: he attributed senescence to the long-continued action of bacterial toxins without reference to the possibility of pathogen evolution within the host. It was thought to be adequately refuted by the observation that animals reared in bacteria-free conditions were not immortal, and indeed usually died without notably exceeding their normal span. The current neglect of his ideas may not be completely justified. For example, Greenberg and Burkman (1963) compared bacteria-free with normal adult flies, recording average lifespan for both sexes in two experiments. There was no difference between the two groups in two comparisons, but in the remaining two (concerning females in one case and males in the other) the bacteria-free flies lived much longer. However, I have been unable to find observations of the longevity of defined strains of animal under bacteria-free conditions which would support the crucial test of whether rates of mortality increase with age when cellular pathogens are excluded. A detailed quantitative life table for a colony of bacteria-free mice would be of great interest.
In this paper I have emphasized the role of viruses rather than bacteria in forming persistent populations within the host. It is possible, though very difficult, to exclude exogenous viruses, and maintain stocks of animals in completely axenic conditions. Some virus will be transmitted in the egg, of course, but because elements which are exclusively vertically transmitted are not expected to be pathogenic (mouse mammary tumour virus seems to be an exception), this is not necessarily a problem in principle. If such stocks could be shown to be virus-free and did not senesce, the theory would be supported. In practice, the possibility that some retroviruses are partly horizontally and partly vertically transmitted, and that purely endogenous viruses might in time evolve exogenous variants, might cloud the interpretation of a negative result. I have been unable to find any information on the lifespan of animals reared in virus-free conditions.
A more ingenious and more practicable experiment might test the prediction that within-host selection causes the evolution of more pathogenic strains, using genetically uniform host individuals produced asexually. Inoculation of a young host with viral isolates from an old member of the same clone should cause more rapid senescence. Moreover, this should not be the case when the inoculum is obtained from an unrelated individual. I do not know of any experiments of this kind.
It has been reported that individuals do not senesce appreciably in worms which proliferate vegetatively by a nearly equal binary fission (Bell, 1985) . This has been taken to support the antagonistic-pleiotropy or mutation-accumulation hypotheses, because it will not be possible to select for the postponement of deleterious gene expression when parent and offspring are indistinguishable and 29 therefore of the same age. At the same time, it seems to negate the hypothesis of within-host selection, which will occur in any piece of tissue, regardless of its status as parent or offspring. It seems desirable to repeat this observation, which has been criticized by Martinez and Levinton (1992) , who report the occurrence of senescence in an almelid reproducing by fission. If it turns out to be generally true, it offers strong support for the conventional view and strong evidence against the contrary view being advanced in this paper.
The hypothesis of within-host selection, on the one hand, and related hypotheses of antagonistic pleiotropy and mutation accumulation, on the other hand, are quite different, but they are not mutually exclusive. Rather, they might complement one another in either of two ways. First, the reduced levels of maintenance and repair in older individuals that evolve as the consequence of the decrease in the force of natural selection with increasing age will make it easier for persistent populations of pathogens to evolve resistance to host defences. Secondly, the prospect that persistent pathogen populations will become steadily better adapted during the lifetime of the host further devalues the maintenance of vigour in old individuals, and therefore advances the schedules of antagonistic pleiotropy and mutation accumulation.
A very similar theory has been developed for the particular case of HIV infection by Nowak (1992; Nowak & May, 1991) . This virus represents a special case because it attacks the very cells that are responsible for its suppression, and in consequence the dynamics of its evolution in the host are more complex. Nowak's theory differs from the simpler theory advanced in this paper in that the heterogeneity of the viral population plays a central role in disease progression, rather than merely providing a basis for selection of more effective variants. The crucial concept is that the immune cells whose production is specifically induced by a given viral genotype are active only against that genotype, whereas they can themselves be killed by any intact virus. It follows that more heterogenous viral populations will suppress the immune response more effectively, and that there exists a threshold value of viral diversity beyond which the immune system is incapable of restraining the virus and preventing progression to AIDS. It is likely that the immune response is not completely specific, so that new clones of immune cells are active not only against the particular viral genotype responsible for their induction, but also against a range of other genotypes. If viral genotypes exist which can survive a non-specific response (when this is not true, the initial infection is quickly cleared) but not the combined effect of the specific and non-specific responses, then there will be an initial viremia, perhaps accompanied by clinical symptoms, followed by a reduction in virus titre and a long and variable period of persistence before the viral diversity threshold is exceeded and a final phase of acute disease ensues. Differential-equation models of this process are strikingly successful in capturing the major features of the time-course of HIV infection. Whether they are preferable to the simpler theory of the sequential selection of more effective pathogen genotypes from a population whose diversity is maintained by high mutation rates is not clear. One possible approach might be to construct the phylogeny of the evolving viral population, because simple within-host selection implies the sequential replacement of currently abundant variants by slightly modified descendents, whereas Nowak's theory implies that there is no single successful line of descent. Alternatively, simple within-host selection would lead us to expect that the final HIV population causing AIDS would be more homogeneous than the persistent population during the asymptomatic phase, since the single viral strain able to overcome host defences would spread to fixation; this seems to correspond with the situation described by Wolfs et al. (1991). Nowak's theory leads us to expect, to the contrary, that the final HIV population will be maximally heterogeneous. However, he suggests that the breakdown of immune function which is eventually caused by increasing viral diversity itself permits rapidly-replicating viral genotypes to be selected, creating genetic uniformity as a consequence rather than a cause of the development of acute disease. This may well be the case; the coupled dynamics of HIV infection and the immune system may necessitate a more complicated explanation than is required for other diseases. The more general significance of the experimental and theoretical work on HIV is that is provides a dramatic illustration of how evolutionary processes driven by within-host selection cause a cumulative and eventually catastrophic collapse of host vigour.
